Objective: To explore associations between dietary quality and access to different types of food outlets around both home and school in primary school-aged children.
Many high-income countries are facing an epidemic of overweight and obesity (1) that starts in childhood (2, 3) . The National Child Measurement Programme (NCMP) shows that over a fifth of children aged 4-5 years in the UK are overweight or obese, increasing to over a third of children aged 10-11 years (4) . Poor diet is a core factor affecting childhood obesity (5) .
Globally, there is increasing evidence that the local food environment is a determinant of both diet and weight status (6) (7) (8) . Among adults and children, greater access to unhealthy food outlets is associated with higher levels of overweight and obesity and poorer dietary behaviours (7, 9, 10) . However, despite a surge in studies assessing relationships between food outlet access and health outcomes in recent years, several gaps and methodological limitations exist. A recent review concluded that measuring the food environment is complicated and there is an ongoing need for further research using more robust measures (11) .
There is continued interest in understanding how the food environment impacts health-related outcomes, especially the risk of obesity and its contributing health behaviours (12) . Current evidence indicates that the association between local food environment exposures and childhood dietary quality is stronger in the USA, with trends less evident in other developed countries (6, 7) . There are significant differences between the USA and the UK in neighbourhood design (13, 14) that may lead to differences in how the food environment affects the health of communities. In addition, studies among children are less abundant than those among adults despite recognition that these two populations relate differently to their food environments (15) . Therefore, to inform public health policy and intervention design, more UK studies among children are needed (16) .
In children, the majority of studies have assessed relationships between access to food outlets and BMI (9, 10, 17) as opposed to diet. In addition, studies have focused on access to one type of food outlet (usually fast-food outlets) rather than examining a range of 'healthy' and 'unhealthy' outlets. Reviews have recommended that future studies include exposure to a range of outlets (13, 18) and there is increasing acknowledgment of the need to use relative exposure measures (19) (which consider an outlet type relative to all outlets in the area) in addition to absolute count measures. In 2015, a systematic review concluded that indices including multiple food outlets were most consistently associated with obesity in adults (20) . The evidence relating to children remains limited.
The childhood food environment literature shows that residential neighbourhood food environments are more strongly associated with weight and dietary outcomes than school neighbourhood food environments (17, 21) . However, to provide a more nuanced representation of children's daily food outlet exposure, activity space measures including both home and school are needed. Activity space can be defined as the subset of locations that an individual comes into contact with as a result of his/her daily mobility (22) . For young children, home and school represent two sites in which children typically spend the vast majority of their time (23) . Activity space measures may also improve the specificity between exposure and health behaviour or health outcome (22) . Studies in adults that account for exposures from multiple locations, including both residential and non-residential settings, are more strongly associated with health outcomes than estimates based on exposures in one setting only (20, 24) . To date, few published studies have used an activity space approach to assess this relationship in young children (21, 25, 26) .
The majority of food environment studies have applied proxy dietary measures, measuring only one aspect of diet, rather than assessing overall diet quality (6, 27, 28) . Measuring dietary quality provides a more comprehensive understanding of overall patterns of dietary behaviour and is preferable to single nutrient or food measures when quantifying non-communicable disease risk (29, 30) .
The present study aimed to address the limitations of the current evidence. Its aims were to: (i) examine the relationship between counts of supermarkets, healthy specialty stores (greengrocers, health food stores, farm shops and butchers), fast-food outlets (chains and takeaway outlets) and total number of retail and fast-food outlets in children's combined residential and school neighbourhood with their dietary quality at 6 years; and (ii) explore the relationship between a relative measure of healthy outlets, as a proportion of total outlets, in children's combined residential and school neighbourhood with their dietary quality at 6 years.
Materials and methods

Participants
Participants were children of women participating in the Southampton Women's Survey (SWS). The SWS is a prospective cohort of 12 583 non-pregnant women recruited between 1998 and 2002 when aged 20-34 years. Assessments of smoking status and highest educational qualification were made at study entry for all participants. Each woman's height and weight were measured by trained research nurses and used to derive BMI. Those who subsequently became pregnant were followed up; the growth and development of the SWS children were assessed periodically during infancy and childhood, and the children continue to be followed-up. The study was conducted according to the guidelines laid down in the Declaration of Helsinki and all procedures involving participants were approved by the Southampton and South West Hampshire Local Research Ethics Committee. Written informed consent was obtained from all parents of participants. A full description of the SWS is published elsewhere (31) .
The present study used data from the 6-year follow-up assessment for children conducted between 2007 and 2014, and mother's SWS study entry assessment data. At the 6-year follow-up, height (in centimetres) was measured using a portable stadiometer (Leicester Height Measure; Seca). Child's diet over the previous three months was assessed using an interviewer-administered eighty-item FFQ completed by each child's parent or guardian. Average frequency of consumption (ten options from never, to number of times per day) of all listed foods was recorded. Daily volumes, types and amounts of milks were recorded as well as any sugar added to food. A prudent diet score (dietary quality score) was calculated for each child. The FFQ items were categorised into fiftyone groups based on similarity of type of food or nutrient composition. The reported standardised frequency of each group was then multiplied by corresponding coefficients identified from a principal components analysis and the results summed. The dietary quality scores were standardised to have a mean of 0 and SD of 1. Higher scores represented better dietary quality and a dietary pattern consistent with the dietary recommendations, characterised by frequent consumption of fruit, vegetables and fish. A full description of FFQ delivery and analysis, as well as creation of the dietary quality score, has been published elsewhere (32) . School and home postcodes were also collected at the 6-year assessment. Home postcode was used to determine the level of neighbourhood deprivation for each child using quintiles of the 2010 English Index of Multiple Deprivation.
Exposure area: activity space (home and school)
The exposure area applied was an activity space around home and school. This method involves drawing boundaries around a number of individualised points to create activity spaces (33) . An activity space for each child was created using geocoded home and school postcode centroids as midpoints buffered by an 800 m radius. If these home and school boundaries overlapped, the overlapping area was merged to ensure that food outlets in these areas were not duplicated. The 800 m buffer has been frequently applied in the literature (34) and corresponds approximately to a 10 min walk for children (17, 35) . Euclidean distance (straight line) was used to buffer locations instead of road network distance because the two measures are highly correlated at 800 m in urban settings (34) . The decision not to measure exposure in home and school environments separately was taken due to the urban setting and the fact that fewer than 100 children had activity spaces within which their home and school address did not overlap.
Exposure variable: food stores
Food environment data were collected as part of the process evaluation of the Southampton Initiative for Health (SIH) (36) . A list of 1682 food retail stores and fastfood outlets and their postcodes in six council boundaries (Southampton, Eastleigh, Fareham, Gosport, Havant, Portsmouth) within Hampshire, UK, was compiled in July and August 2010 using information from each Council's Food Safety Register. We used the directories Yellow Pages and yell.com to supplement the local authority registers in an effort to obtain a complete picture of food outlet locations across the study area. Between July 2010 and June 2011, trained fieldworkers 'ground-truthed' the study area and confirmed the existence and type of all food retail stores and takeaway outlets; 245 were no longer present and 350 additional outlets were identified, making a total of 1787 outlets in the study area at the time of data collection. A great proportion of the study area was assessed; however, not all streets within the study area were checked for food outlets. It is therefore possible that some food outlets were missed. The food outlets were geocoded using ArcGIS version 10.1 (2012; ESRI, Redlands, CA, USA) and data about the location of food outlets were overlaid on to each child's home and school activity space.
Exposure variables included the count of three categories of outlets: (i) supermarkets, including high-range, large, discount and small supermarkets; (ii) fast-food outlets, including fast-food chains and takeaway outlets; and (iii) healthy specialty stores, including greengrocers, health food stores, farm shops and butchers. These categories are similar to those used in previous research (37, 38) and the healthy specialty category included outlets aligned with previous work (39) . In addition to the total counts, a relative measure was created, representing the number of healthy food outlets as a proportion of all food retail stores and fast-food outlets with each child's activity space which included convenience stores, newsagents, bakers, confectioners and 'world' food stores as well as supermarkets, healthy specialty stores and fast-food outlets.
Statistical analysis
Participants' characteristics were summarised using means and SD for normally distributed continuous variables, medians and interquartile range for non-normally distributed continuous variables, and numbers and percentages for categorical variables.
All analyses investigating the research questions were cross-sectional. Diet scores were standardised; thus the units of the outcome measure are SD. Multilevel linear regression models were used to assess the relationship between the outcome measure, namely diet score, and five predictor variables: (i) count of supermarkets; (ii) count of healthy specialty stores; (iii) count of fast-food and takeaway outlets; (iv) total number of outlets; and (v) relative measure of healthy outlets as a proportion of total food outlets. These multilevel models accounted for clustering within schools (ρ = 0·05-0·06). The count models were not mutually adjusted due to the high correlation between fast-food outlets and healthy specialty stores (r = 0·8).
We used the directed acyclic graph approach (40) to select suitable confounders for linear regression models. Potential confounding variables considered for the directed acyclic graph comprised age the child was last breastfed, maternal BMI, child's height, child's sex, maternal educational attainment and home neighbourhood deprivation. Ethnicity was not considered to be a confounder because of little variability: 96 % of the women participants who had a live singleton birth were white and 94 % of their children were also white. A directed acyclic graph identifies that a variable is a confounder when it is causally associated with at least two variables already included in the model. The directed acyclic graph for the present study identified two confounding variables that should be included in our analyses: mother's educational attainment and level of neighbourhood deprivation (see online supplementary material, Supplemental Fig. 1 ). Results are presented for the adjusted and unadjusted models.
All statistical analyses were conducted using the statistical software package Stata version 14.1. Geoconvert™ software was used to geocode home, school and food outlet addresses, and ArcGIS version 10.3.1 was used to create the activity spaces and food outlet exposure variables.
Results
Characteristics of participants and food environment exposures
The study included 1173 children (590 boys and 583 girls) from the SWS 6-year assessment whose home and school were both located in the food environment exposure area. Table 1 presents the characteristics of the children and their mothers. Girls were slightly shorter than boys and had better mean diet scores. Mothers had a median prepregnancy BMI of 24·3 (interquartile range 21·9-27·5) kg/m 2 , which is at the higher end of the healthy weight range. Approximately 14 % of mothers smoked during pregnancy, and 60 % had qualifications higher than GSCE or equivalent (at 16 years of age). Most children lived in neighbourhoods of medium-level deprivation (70 %), with 17 % in the least deprived quintile and 13 % in the most deprived quintile. Figure 1 shows the distribution of supermarkets, healthy specialty stores and fast-food outlets in children's activity spaces. Nine per cent of children had no supermarket in their activity space and 27 % had no healthy specialty store. More than half (52 %) of the children were exposed to ≥10 fast-food and takeaway outlets in the area surrounding their home and school. Three children in the study had ≥ 50 fast-food and takeaway outlets in their activity spaces. Table 2 shows that increasing counts of healthy specialty stores in children's activity spaces were associated with better diet scores. A greater number of healthy specialty stores was associated with higher diet score in both the univariate multilevel linear regression model (β = 0·025 SD/ store, 95 % CI 0·007, 0·044; P = 0·008) and in the model adjusted for educational attainment and level of neighbourhood deprivation (β = 0·024/store, 95 % CI 0·009, 0·040; P = 0·002; Fig. 2 ). Children with an additional two healthy specialty stores around home and school had dietary quality scores 0·04 SD greater than other children. This difference could for example be achieved by eating approximately one extra serving of green vegetables each week.
Relationship between food environment and dietary quality
Increasing counts of supermarkets, fast-food outlets and total number of retail and fast-food outlets were also positively associated with better diet scores, but only in the adjusted multilevel models (β = 0·044/store, 95 % CI 0·008, 0·079, P = 0·017; β = 0·009/outlet, 95 % CI 0·002, 0·016, P = 0·014; β = 0·005/outlet, 95 % CI 0·001, 0·007, P = 0·005, (degree)  136  23  128  22  264  23  Neighbourhood deprivation  590  583  1173  Least deprived  97  16  98  17  195  17  2  161  27  148  25  309  26  3  141  24  110  19  251  21  4  125  21  143  25  268  23  Most deprived  66  11  84  14  150 respectively). The effect sizes for total outlets and fast-food outlets were smaller than for healthy specialty stores and supermarkets. The relative number of healthy outlets as a proportion of total outlets showed a strong positive association with diet score in the unadjusted multilevel linear regression model (β = 0·068 SD/10 % increase in healthy outlets as a proportion of total outlets, CI 0·018, 0·117, P = 0·008). This effect weakened after adjusting for educational attainment and neighbourhood deprivation (β = 0·037 SD/10 % increase, 95 % CI −0·064, 0·081, P = 0·095).
Discussion
Summary of findings
To our knowledge, the present study is the first to examine how both absolute and relative exposure measures of different types of food outlets in activity spaces relate to overall dietary quality among primary school-aged children. We found that children were exposed to more unhealthy than healthy outlets in their home and school environments. Greater access to healthy specialty stores including greengrocers and health food stores was consistently associated with better dietary quality. Greater access to supermarkets and fast-food outlets was also associated with better diet after adjustment for socio-economic demographics, suggesting that exposure to more food outlets per se was better for diet. However, consideration of healthy outlets as a proportion of total outlets showed a tendency for greater exposure to more healthy food outlets and better dietary quality.
Comparison with previous research
Previous research examining the relationship between the local food environment and children's health outcomes has largely focused on weight and body composition, rather than diet. This may be because large data sets such as the UK's NCMP provide data on BMI for very large numbers of children at two time points (age 4-5 and 10-11 years) during primary school. The challenges of dietary assessment, as opposed to measuring weight or BMI, may indicate why diet has been considered less frequently than body composition in the childhood food environment literature (7, 27) . Yet diet is a key determinant of weight status and empirical evidence exploring the relationship between diet and spatial access to different food outlet types is paramount to understanding the complexity of how the food environment influences obesity in children.
Our findings provide empirical evidence for a relationship between greater access to healthy outlets such as greengrocers, which sell predominantly healthy minimally processed food products, and better dietary quality among younger primary school-aged children. This finding is consistent with previous research from the UK which has shown a range of health outcomes to be associated with increased local access to healthier food outlets among younger children. One study found that children with one or more greengrocers or supermarkets around their home had lower fizzy drink intake and percentage body fat than children with no access to these outlets (41) . Another study showed that having greater access to healthy specialty stores in the home neighbourhood was associated with better bone health in children aged 4 years (42) . Furthermore, a large national study observed that higher counts of healthy specialty stores, supermarkets and cafés in the home neighbourhood related to a lower prevalence of overweight and obesity among young children (aged 4-5 years) but not older children (aged 10-11 years) (9) . Research from Australia involving 5-6-and 10-12-yearolds identified no association between fruit and vegetable intake and access to greengrocers around the home but did observe that lower fruit intake related to greater access to fast-food outlets and convenience stores (43) . These Australian findings differ from the UK evidence, but it may be that the larger numbers of children aged 10-12 years involved in the Australian study were driving the overall results and that differential age effects may have been observed had those analyses included younger children.
Collectively, the results of the studies described above indicate that food retailing influences the dietary patterns of children differently depending on their age. Older children are likely to have greater independent purchasing opportunities than younger children whose diets are more likely to be under greater influence of parental food decisions (44) . Parents may be more inclined to shop at conveniently located greengrocers or farm shops as part of household grocery shopping habits, while older children may have pocket money and greater independence than younger children, enabling them to purchase less healthy food items from convenience stores or fast-food outlets for immediate consumption. Current strategies to improve the food retail landscape are focused predominantly on reducing access to fast-food and takeaway outlets (45) . However, it may be pertinent to also explore opportunities to increase access to healthy specialty stores, which have diminished in number in recent years (46) , in order to improve the diets and weight status of younger children.
The results of the current study showed that, like healthy specialty stores, higher numbers of supermarkets and fast-food outlets in home and school neighbourhoods were associated with better dietary patterns. These findings could indicate that increased access to food outlets per se may improve diet. However, they could also be indicative of collinearity of different types of food outlets, which often are co-located in retail precincts. Empirical evidence from the USA showed that because fast-food outlets and banks are often co-located in areas of high commercial density, both access to fast-food outlets and access to banks were independently positively associated with obesity prevalence (47) . Having greater access to areas of high commercial density may enhance behavioural and health outcomes through mechanisms of increased employment and increased concentration of community services and resources (48) . The use of relative measures of food outlet exposure is a methodological strategy that endeavours to somewhat account for outlet co-location and overcome issues of multicollinearity occurring during statistical analyses (19) . Our results for the relative measure showed that more healthy outlets relative to the proportion of total outlets in home and school environment was associated with better dietary quality, although the relationship weakened after adjustment for socio-economic variables. These results are similar to a Canadian study which found that an increased ratio of 'unhealthful' to 'healthful' outlets in the school neighbourhood only was weakly associated with higher intake of sugar-sweetened beverages and lower daily fruit and vegetable intake (21) . The results of the relative measure and the larger effect sizes for associations between diet and exposure to supermarkets and healthy specialty stores than fast-food outlets identified in the current study suggest that more can be done to improve the balance of healthy and unhealthy food outlets in retail precincts.
Supermarkets sell a large variety of both healthy and unhealthy products ranging from fresh fruit and vegetables to ultra-processed foods that are high in saturated fat, sugar and salt, making it difficult to classify supermarkets as healthy or unhealthy (7) . Our findings are consistent with findings from a previous UK study among children aged 9-10 years which found that greater density of supermarkets was associated with an increased intake of both healthy and unhealthy foods (49) . More recent UK research has also shown that the volume of unhealthy food product sales from a supermarket within the home neighbourhood was associated with prevalence of overweight and obesity among children aged 4-5 and 10-11 years (50) . Future research considering both the density of different types of food outlets and the marketing activities within supermarkets is necessary to better understand the multiple environmental determinants of children's diet and weight status (7) .
Strengths and limitations
Two main strengths of the present study are the 'activity space' approach covering both home and school environments, and the use of absolute (count) measures as well as a relative measure of access to a range of food outlets. Relative measures are more comprehensive, but absolute measures help policy makers and practitioners interpret results (19) . A further strength of the study was the use of an FFQ administered by trained research nurses that enabled calculation of an overall measure of children's dietary quality rather than the proxy dietary measures seen in much of the literature. The focus on younger children in the UK is a further strength because food environment research has focused predominantly on adults and adolescents and has mainly come from the USA.
The study also has some limitations, many of which are common to research assessing food outlet access. Measuring dietary quality accurately is challenging and response bias in FFQ is possible. However, interviewer-administered questionnaires have generally shown greater accuracy than self-administered questionnaires (51) . FFQ capture data from a higher proportion of the population than other dietary measures, thus increasing the likelihood of a more representative sample. The study was observational and cross-sectional in design and results therefore could be due to residual confounding. However, a directed acyclic graph approach was used to identify appropriate confounding variables and adjustments made accordingly (Supplemental Fig. 1 ). Dietary data were collected at a different time from the food outlet data and it is therefore possible that the number and location of food outlets may not be an accurate representation for some children. However, this is a recognised limitation of much food environment research (18) . The sample comes from a pre-conception cohort study where attrition over time means the sample may not be entirely representative of children aged 6 years in the UK.
Geographical analysis using GIS (geographic information system) software has recognised limitations, including assumptions made about food choices being primarily determined by people's proximity to food outlets. In addition, it does not account for factors such as taste preferences, social norms or affordability (11) . While the geocoding of addresses can also introduce bias, very few locations were not matched in the present study (<3 %) and this small number is most likely due to the overlap between the study period and the Geoconvert data (both 2011). The use of GPS (Global Positioning System) technology might have allowed for a more accurate measure of food environment exposure, but the use of such measures is still in its infancy and poses a number of difficulties, not least technical challenges including signal loss, delay in acquiring satellite signal, precision of the device, battery power, or participants forgetting to switch the device on (16, 52) . These are perhaps reasons why very few food environment studies to date have used GPS technology, especially in young children.
Public health implications
The present study contributes to the empirical evidence supporting government action to improve the nutritional quality of food outlets that children have access to in their home and school environments in order to improve their diets and health. In the UK, the National Planning Policy Framework includes the requirement for planning departments to promote healthy communities, taking into account and supporting local Joint Health and Wellbeing Strategies (53) . Outcomes identified in the Public Health Outcomes Framework include a specific indicator about excess weight in 4-5-and 10-11-yearolds (54) , giving local public health teams the opportunity to work strategically with planning and environment colleagues in local authorities to meet these joint objectives.
Prompted by the guidance in 2014 from Public Health England and the Local Government Association, an increasing number of local authorities are responding by introducing planning laws to ban outlets selling hot takeaway foods within 400 m of schools as well as placing general restrictions on the clustering of takeaway outlets (55) . This recommendation has not been implemented in the study area. The findings of our study support action to increase access to healthy food outlets, especially healthy specialty stores such as greengrocers, in both home and school environments. Financial constraints on local authorities may prevent the introduction of such policies or laws. However, robust evaluation of these policies, to demonstrate health and/or financial benefits from making changes, or support from central government grants could provide further impetus for councillors to take action. A common-sense approach, implemented over a period of time, could allow for increased access to stores selling predominantly healthy foods.
Recent reviews indicate that more longitudinal evidence is needed and that more attention needs be given to the reliability and validity of food environment exposure measurement tools (11, 56) . In addition, qualitative research and community-based methods with children and families would enhance our understanding of how children interact with their local food outlets and could help them to advocate for changes to their local food environment (57) . Building knowledge of the different accessibility issues for younger and older primary school-aged children as well as adolescents could offer additional support for action by local authorities to improve the imbalance in the current retail food environment.
Conclusion
Our findings suggest that the food environment around home and school to which young children are exposed is associated with their diet quality, with access to greater numbers of all food outlets being associated with better diet quality. However, the effect size for healthy outlets is greater than for other outlet types, suggesting there is an opportunity for local authorities to use their powers to increase the numbers of healthy stores that families with young children have access to. Further evidence from intervention, longitudinal and qualitative research is needed to support the case for action.
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